The former is a 21-residue peptide with four γ-carboxyglutamic acid (Gla) residues (at positions 3, 4, 10 and 14), while the latter is a 17-residue peptide with five γ-carboxyglutamic acid residues (at positions 3, 4, 7, 10 and 14). Despite the apparent similarity in number and relative positions of the γ-carboxyglutamic acid residues, 113 Cd-NMR studies indicated a distinct metal binding behavior for con-G and con-T. There appears to be four binding sites in con-G in contrast to one metal binding site in con-T. To elucidate the mode of calcium binding by the γ-carboxyglutamic acid residues in these conantokins, we designed various analogous peptides with their γ-carboxyglutamic acid replaced by other amino acid residues. 113 Cd-NMR experiments on conantokin analogues reveal that the major difference in the number of metal binding sites between con-G and con-T is due to the residue at position 7. We also performed molecular simulations to calculate the relative binding free energies of several potential binding sites. Based on our theoretical and experimental results, we propose a 'four-site' binding model for conantokin-G and a 'single-site' binding model for conantokin-T.
Introduction
The venom of marine cone snails (Conus) contains a great variety of small neuropeptides (Olivera et al., 1985) . Conantokin, isolated from the venom of fish-hunting cone snails, belongs to a unique family of γ-carboxyglutamic acid-containing Conus peptides (Olivera et al., 1990) . Conantokin-G (con-G) and conantokin-T (con-T) are two well characterized peptide toxins found in C.geographus and C.tulipa, respectively. By intracranial injections, it has been shown that both peptides can induce sleep in young mice and hyperactivity in old mice [for review see Myers et al., 1993] . Skolnick et al. (1992) demonstrated that con-G acts as a non-competitive N-methyl-D-aspartate (NMDA) antagonist through allosteric inhibition of polyamine responses. We have also shown previously that superfusion of con-T specifically and irreversibly decreased the NMDA receptor-mediated excitatory postsynaptic potential (EPSP NMDA ) in a concentration-dependent manner, but had no effect on normal excitatory synaptic transmission (EPSP) (Hsu et al., 1996; Huang et al., 1997) . Both con-G and con-T differ from most of the conotoxins with respect to their high γ-carboxyglutamic acid (Gla) content, a post-translationally modified amino acid. Conantokin-T is a 21-residue peptide containing four Gla residues at positions 3, 4, 10 and 14. Although the chain length of con-G is shorter than con-T, con-G possesses an additional Gla residue at position 7. The amino acid sequences of both peptides (con-G and con-T) are shown in Table I . Among all the naturally occurring polypeptides now known, con-G and con-T probably contain the highest percentage of Gla residues in their amino acid sequence.
Calcium binding has been the primary function attributed to Gla residues in proteins (Dowd et al., 1995) . It has been assumed that conantokins achieve their conformational rigidity as a consequence of Ca 2ϩ binding, which in turn induces α-helix formation (Myers et al., 1990) . Conantokin-G and con-T share a high degree of sequence homology, but their structural properties are found to be very different in solution. Conantokin-T can form a highly stable α-helix even in the absence of Ca 2ϩ , while con-G requires the presence of Ca 2ϩ to adopt a helical conformation. We have attributed this difference to the distribution of charged residues and the formation of salt-bridges in con-T . Studies on three-dimensional structure in solution and metal binding properties of conantokins have also been reported recently (Prorok et al., 1996; Blandl et al., 1997; Rigby et al., 1997a,b; Skjaerbaek et al., 1997; Warder et al., 1997) . Although the high-resolution structures of conantokins have been obtained both in the presence and absence of Ca 2ϩ , it is still not clear how Ca 2ϩ binds to these toxin peptides. In addition, con-G and con-T differ considerably in their Ca 2ϩ -induced structural stability/transition. This feature underlines the importance of understanding the role of individual amino acid residues in conantokins. In the present study, we carried out circular dichroism and 113 Cd-NMR experiments to explore the peptidemetal interaction(s) of conantokins. Several analogous peptides of conantokins were also designed by gradually replacing Gla with Glu in order to determine the number and loci of binding sites. For example, con-EG represents con-G with all Gla residues substituted by Glu; con-ET1 represents con-T with only one Gla residues substituted by Glu. Amino acid sequences of these analogous peptides are listed in Table I . We also carried out molecular dynamics simulation on con-G and con-T to estimate the relative binding free energies and to examine the preferential mode of calcium binding to conantokins.
Materials and methods

Sample preparation
Crude con-G and con-T were purchased from SynPep Co. (Dublin, CA). Conantokin peptide analogues were synthesized on a MillGen/Biosearch Model 9500 automatic peptide synthesizer, using standard F-moc chemistry on a PAL resin support (PerSeptive BioSystems, Inc., Framingham, MA). Fmoc-γ-carboxy-Glu(OtBu) 2 -OH was purchased from AnaSpec, Inc. (San Jose, CA). All other standard protected (King et al., 1990) . Crude peptides were purified by reverse-phase HPLC using a Vydac C18 semi-preparative column (300 Å, 10 mmϫ25 cm) with a linear gradient of 10-40% acetonitrile in the presence of 0.1% trifluoroacetic acid at a flow rate of 2.0 ml/min and monitored at 220 nm. The molecular weight of the purified peptides was confirmed by ESI-Mass spectroscopy.
Circular dichroism (CD) measurements
Circular dichroism spectra were run on an Aviv model 62A DS spectropolarimeter. The wavelength was checked by a twopoint calibration with d-10-camphorsulfonic acid (Chen and Yang, 1977) . All measurements reported were carried out in an aqueous solution of 10 mM HEPES buffer pH 7.4 at 25°C using a 1 mm path-length cuvette. Each reported spectrum is an average of three scans measured with a 0.5 nm step size. For con-T and its analogues, the concentrations of stock solutions were determined by using the absorption of tyrosine at 275.5 nm in 6 M guanidine hydrochloride (Brandts and Kaplan, 1973) . For Ca 2ϩ -free CD measurements, peptides were treated with chelex-100 (Sigma) for 1 h and passed through a 0.45 µm filter (Lida, WI) to remove the trace metal ion contaminants. The mean residue ellipticity at 222 nm, in deg·cm 2 /dmol, was calculated as
where θ is the ellipticity observed at 222 nm, l is the path length of the cell, c is the concentration of sample (moles/ liter) and n is the number of peptide bonds in the sequence. The fraction of helix was obtained from the relationship
where [θ] obs is the mean residue ellipticity observed at 222 nm.
[θ] max , the maximal mean residue ellipticity value for chain length n was estimated using the relationship
with [θ] ϱ ϭ -40 000 deg·cm 2 /dmol (Gans et al., 1991 (Armitage and Otvos, 1982) .
Theoretical calculation and computer modeling
The coordinates representing the solution structure of con-G and con-T were taken from the Protein Data Bank (1AWY and 1ONT for con-G and con-T, respectively). Molecular simulations were performed using ENZYMIX developed by Warshel (Aqvist et al., 1993) . In the simulation, the peptides were solvated by the surface constraint all-atom solvent (SCASS) water model (King and Warshel, 1989 ) with a radius of 20 Å, outside which a continuum solvent model was used. Long-range electrostatic interaction was treated by the local reaction field method (Lee and Warshel, 1992) in order to avoid errors introduced by the usual cut-off approach. The parameters for Ca 2ϩ were calibrated against its solvation free energy. The calculated solvation free energy was 379.0 kcal/mol, which is quite close to the experimental value of 380.8 kcal/mol (Burgess, 1978) . The relative binding free energies of different probable metal binding sites of con-G and con-T were calculated by the free energy perturbation (FEP) method (Aqvist et al., 1993) . A typical mapping potential, ε m used in the FEP calculations is written as
where ε A and ε B are the potentials of conantokin with a calcium ion binding to site A and site B, respectively. The mapping parameter λ is set to be in the range 0 to 1. By changing the mapping parameter λ from 0 to 1, we could calculate the difference in the binding free energy between these two sites (A and B) (Aqvist et al., 1993) . A typical simulation time for a complete FEP calculation is around 200 ps. Convergence of FEP calculations was determined by comparing the free energies obtained from the forward and backward mapping. All calculations were performed on IBM 395 and Digital Alpha 433 workstations. Con-T (s); con-ET1 (u); con-ET2 (n); con-ET3 (,) and con-ET (r) in the absence of Ca 2ϩ . (C) Con-T (d); con-ET1 (j); con-ET2 (m); con-ET3 (.) and con-ET (e) in the presence of Ca 2ϩ . The peptides were dissolved in 10 mM HEPES buffer, pH 7.4, to a final concentration of 100 µM for con-G and con-EG, and 50 µM for con-T and its derivatives. The spectra were recorded at 25°C using a 1 mm path-length cell.
Results and discussion
Circular dichroism of conantokins
The effect(s) of Ca 2ϩ on the backbone conformation of conantokins and their analogous peptides were monitored using CD spectra. The CD spectra of con-G and con-EG both in the presence and absence of Ca 2ϩ are shown in Figure 1A . The apo form of both peptides (con-G and con-EG) exhibited a disordered conformation, as indicated by the absence of the negative ellipticity minimum in the region 205-230. Upon titrating con-G with Ca 2ϩ the ellipticity values at 208 and 222 nm decreased, indicating a structural transition from random coil to helix. The changes in ellipticity values (at 208 and 222 nm) continued until a Ca 2ϩ concentration of 4.5 mM was reached. Beyond this concentration of Ca 2ϩ there seemed to be no apparent change in the conformation of con-G. Analysis revealed that con-G adopts an approximately 57% helical conformation. On the other hand, titration of con-EG with Ca 2ϩ (up to 8 mM) did not seem to alter the conformation 591 of the peptide. This indicates that the γ-carboxyglutamate side chains (as in con-G) play a critical role in binding of Ca 2ϩ while a similar negatively charged glutamic acid (as in con-EG) may not be able to fulfil the requirement for metal ion chelation. Figure 1B shows the CD spectra of con-T, con-ET1, con-ET2, con-ET3 and con-ET in the absence of Ca 2ϩ . All these peptides exhibit double minima at 208 and 222 nm in the far UV region of the CD spectrum, indicating that the major secondary structural element in these peptides is α-helix. However, the percentage of residues that adopt a helical conformation decreases in the order con-T Ͼ con-ET1 Ͼ con-ET2 Ͼ con-ET3 Ͼ con-ET. It is apparent, in comparison with the corresponding amino acid sequences, that the Glu substitutions diminished the α-helical content of con-T. This effect seems to be in proportion to the number of Glu residues present in the sequence. We attribute this result to three possible reasons: (i) the ability of Gla residues to form salt bridges is better than that of Glu residue; (ii) Gla residues may have higher helix propensity than Glu; and (iii) Gla may be more effective in stabilizing the helical macrodipole due to its high negative charge . However, the presence of calcium produced different effects in the secondary structural interactions of these con-T peptide analogues. On a par with con-EG, con-ET also showed no changes in the backbone conformation, even in the presence of Ca 2ϩ , which again indicates that Gla residues play an important role in chelating Ca 2ϩ . Although con-ET exhibited the double minima at 208 and 222 nm, signifying the presence of helical segment in the peptide, the percentage of helix was only 20% (both in the presence and absence of Ca 2ϩ ). Con-ET3, which retains a single Gla residue at position 14, behaves similarly to con-ET upon Ca 2ϩ addition. In contrast, the loss of helicity caused by the substitution of Glu residues in con-ET1 and con-ET2 was restored to some extent by the addition of Ca 2ϩ . The percentage of helix in each of these peptides, both in the presence and absence of calcium, is listed in Table I . These results suggest that the possible Ca 2ϩ binding site is located between Gla10 and Gla14. For convenience, we will denote the metal binding site located between Glai and Glaj as [i-j]. The Gla to Glu replacements in con-ET1 or con-ET2 only affected [3-4] and left [10] [11] [12] [13] [14] unperturbed. Thus, the Ca 2ϩ binding at the [10-14] site can still stabilize the helical conformation and increase the helical content of both peptides. The Ca 2ϩ binding cannot provide further induction of helicity in con-T as its helical content is already very high. In contrast, the [10-14] site in con-ET3 and con-ET was perturbed by the Glu substitutions and both these peptides lost their metal binding properties. This might be the reason for the absence of any conformational change in con-ET3 and con-ET in the presence of Ca 2ϩ . The Glu substitution in con-ET not only decreased helical content (compared with con-T), but also diminished its NMDA antagonist properties . Similar cases are also seen in Glu-substituted conantokin analogues, which yield pharmacologically inert peptides (Chandler et al., 1993) . The abnormal prothrombin, which lacks post-translationally modified glutamic acids, lacks calcium binding and membrane binding properties (Esmon et al., 1975; Ratcliffe et al., 1993) . These findings, along with our CD data, strongly suggest that the additional γ-carboxyl group on glutamic acid is functionally important for forming the metal complex. 113 Cd-NMR study The above mentioned CD experiments give a clue regarding the potential metal binding site(s), but the mode of binding of Ca 2ϩ to the peptides remains unclear. In order to elucidate the mode of Ca 2ϩ binding of γ-carboxyglutamic acids in conantokins, we carried out 113 Cd-NMR experiments on these peptides. 113 Cd-NMR is a useful tool for the study of various metalloproteins, including a range of calcium-binding proteins (Armitage and Boulanger, 1983) . It is common to replace the native diamagnetic metal by the isotopically enriched 113 Cd to study the metal coordination sites, since diamagnetic metal ions such as Zn 2ϩ , Mg 2ϩ and Ca 2ϩ are not directly detectable by NMR spectroscopy (Armitage and Otvos, 1982) . The similarity of the ionic radii of Cd 2ϩ (0.97 Å) and Ca 2ϩ (0.99 Å) makes Cd 2ϩ a fairly good substitute for calcium in calcium 592 binding proteins (Forsén et al., 1980; Ohki et al., 1993) . In addition, 113 Cd chemical shifts are very sensitive to the number and geometry of the ligands within the coordination sphere (Armitage and Boulanger, 1983) . Figure 2 shows the 113 Cd NMR spectra of Cd 2ϩ -saturated con-G and con-EG. Four distinct resonances, besides the free 113 Cd peak (~6.2 p.p.m.), were observed for con-G, while only the free 113 Cd peak was found for con-EG. The existence of a large free 113 Cd peak at the 5:1 ion to peptide ratio might imply that binding affinities of Cd 2ϩ are low. It is consistent with the potentiometric measurements that the average dissociation constant (K d ) value of Ca 2ϩ binding sites in con-G is about 2.8 mM (Prorok et al., 1996) . Although much tighter binding has been observed for Mg 2ϩ and Zn 2ϩ with K d values ranged from 0.2 to 311 µM , Cd 2ϩ may resembles Ca 2ϩ in weak binding due to the similarities between the two ions. The chemical shifts of all four bound cadmium resonances (-8.3, -20.3, -74.4 and -77.5 p.p.m.) were in the same range as found in other 113 Cd-substituted metalloproteins (Armitage and Boulanger, 1983) . This indicates that the oxygen atoms of the peptide and water are involved in binding to Ca 2ϩ . Based on the theoretical calculation, it has been previously proposed that the number of Ca 2ϩ binding sites is four for con-G (Rigby et al., 1997b) . But the Scatchard analysis suggested that the best models for con-G were two or three Ca 2ϩ binding sites (Prorok et al., 1996) . However, our 113 Cd-NMR data provided the direct experimental evidence to support the existence of four Cd 2ϩ binding sites. This result enables us to make a reasonable assumption that con-G contains four distinct Ca 2ϩ binding sites. Figure 3 shows the 113 Cd-NMR spectra of con-T, -ET1, -ET2 and -ET. Only one resonance is observed, apart from the free 113 Cd, in the spectrum of con-T. In line with our previous analysis, this single resonance implies the presence of only one metal binding site for con-T. Single Glu substitution at position 3 and double Glu substitutions at positions 3 and 4 in con-ET1 and con-ET2, respectively, did not eliminate this resonance. This finding reveals that the binding site is located at Gla10 and Gla14. This is further supported by the substitutions of all Gla residues with Glu in con-ET, which led to the absence of this resonance.
Computer simulation
The CD and NMR data presented here indicate only one calcium-binding site exists in con-T. However, there are two possible locations, [3] [4] and [10] [11] [12] [13] [14] , available for calcium binding. Despite the [3-4] site containing a neighboring Gla pair, which has been suggested to be important in calcium binding (Prorok et al., 1996; Rigby et al., 1997a) , our experimental data seem to favor the [10-14] site. In order to rationalize the experimental results concerning metal binding, we carried out FEP simulation which could be used to calculate the relative binding free energies of these two sites ([3-4] and [10] [11] [12] [13] [14] ). It should be mentioned that it is usually difficult to parameterize transitional metal ions in classical molecular simulation due to their large orbital polarizability. Therefore we used the Ca 2ϩ ion rather than the Cd 2ϩ ion for molecular simulations. Our results show that the binding free energy associated with the Ca 2ϩ ion binding at the [10] [11] [12] [13] [14] Model of the Ca 2ϩ -loaded con-T structure. All the key residues are labeled with a three-letter abbreviation and number. Electrostatic potentials have been mapped onto the surfaces, with negatively charged regions shown in red and positively charged regions shown in blue. The bound Ca 2ϩ ions are shown in yellow. The amino acid residues Gla3, 4, 7, 10 and 14 form a linear array in con-G to make a Gla-Ca 2ϩ network. Lys7 disrupts this array in con-T, but forms a salt-bridge network instead. Model building was prepared with Insight II (Biosym Technologies, Inc., San Diego, California). [10] [11] [12] [13] [14] in (A) unidentate mode of con-G and (B) bidentate mode of con-T. Both Ca 2ϩ binding sites appear to be 6-oxygen coordinated, including two water molecules and the side chains of two Gla residues (red). Each Gla residue interacts with one-half of the coordination sphere of the calcium (yellow).
is the least favorable for calcium binding among these possible binding sites (data not shown), which may be due to the steric effect. We propose a 'four-site' binding model for con-G based on both theoretical and experimental considerations. Figure 4 depicts the surface charge representation of our models for con-G and con-T. Calcium ions were docked to the four favorable binding sites in con-G and a unique binding site in con-T. Electrostatic potentials have been mapped onto the surfaces of the helix. However, 113 Cd-NMR experiments only provide evidence for the existence of four distinct binding sites. It is possible that there are alternate binding sites which might not all be occupied simultaneously. For example, the 593 Cd 2ϩ binding sites might also occur in the following 'threesite' equilibrium binding mode: It is interesting to note that [3] [4] is found to be a favorable binding site in the case of con-G, but not so in con-T. This disparity could be due to the difference(s) in the residues occupied at position 7 in con-G and con-T. Lysine, a positively charged residue, is present at position 7 in the amino acid sequence of con-T, whereas a negatively charged Gla residue occupies the same position in con-G. In order to study the effect(s) of amino acid substitutions at position 7 on calcium binding of the [3-4] site, we performed FEP calculations on several mutants of con-G and con-T. Comparison of the relative binding free energies indicates that the binding strength of the [3] [4] site increased (relative to [10] [11] [12] [13] [14] ) when Lys7 of con-T was mutated to other residues such as Gly, Asn, Ala and Asp. In the case of con-G, the binding strength of the [3-4] site was greatly diminished when Gla7 was mutated to a positively charged Lys. This indicates that the presence of a positively charged residue at position 7 has significant effect on the calcium binding of conantokins by lowering the electron charge density on Gla3 and Gla4.
It is pertinent to address the issue of the binding mode(s) of the γ-carboxyglutamic acid residues in conantokins. The experimental data does not unequivocally indicate whether the γ-carboxyglutamic acid residues bind to the metal in unidentate or bidentate mode. Therefore, the results of molecular simulation, providing time-averaged pictures, can be utilized to probe into the γ-carboxyglutamate binding mode(s). Figure 5 shows the snapshot of two possible binding modes of metal chelation in both con-T and con-G. The geometry of the Ca 2ϩ -loaded con-T complex shows a bidentate metal binding, in which both oxygens of the carboxyl group participate in metal coordination. In contrast, con-G appears to exhibit unidentate binding in [10] [11] [12] [13] [14] . These different binding properties may be one of the reasons for the varied binding affinities of con-G and con-T.
Conclusions
Based on the experimental and molecular dynamic studies, it is proposed that the unique Ca 2ϩ binding site in con-T is located at Gla10 and Gla14 rather than between the consecutive Gla residues at positions 3 and 4. Although the presence of consecutive Gla residues has been implicated in the formation of a potential metal binding site (Prorok et al., 1996; Rigby et al., 1997a) , the results discussed here clearly indicate that the occurrence of consecutive Gla residues need not imply a preferential and strong metal binding site. In fact, it has been shown that in other Gla-containing proteins (Soriano-Garcia et al., 1992; Banner et al., 1996) , the consecutive Gla residues are not the most preferred metal binding sites. For example, in the human blood coagulation factor VIIa (PDB entry code 1DAN), which contains 10 Gla residues, none of its three consecutive Gla pairs is the preferred binding site for Ca 2ϩ . In contrast to the one binding site in con-T, there are four binding sites in con-G. The proposed four binding sites, [3] [4] , [3] [4] [5] [6] [7] , [7] [8] [9] [10] and [10] [11] [12] [13] [14] , constitute a Gla-Ca 2ϩ network along the helical axis. This Gla-Ca 2ϩ network is comparable with the salt-bridge network in con-T . Such a Gla-Ca 2ϩ network is not possible in con-T due to the presence of Lys7. Lys7 in con-T greatly reduces the negative electrostatic potential in comparison with the same region in con-G. Substitution of Lys7 with Gla7 destroyed the salt bridge network and destabilized the helical conformation of this con-T analog in the absence of Ca 2ϩ (unpublished data).
We have provided solid evidence, by employing a series of synthetic analogs, to support the 'four-site' and 'single-site' model for con-G and con-T, respectively. The key residue of the 'four-site' binding model is Gla7 in con-G, which participates in the chelation of two metal ions. The lack of Gla7 disrupts the formation of a Gla-Ca 2ϩ network in con-T; while the existence 594 of Lys7 helps the formation of its salt-bridge network, which also stabilizes the helical conformation regardless of the presence of Ca 2ϩ . Interestingly, substitution at position 7 by Ala in con-G increased the inhibition of spermine-enhanced [ 3 H]MK801 binding by about fourfold (Zhou et al., 1996; Blandl et al., 1998) . We have seen from the theoretical calculations that a Gla→Ala substitution at position 7 in con-G affected the metal binding site at the N-terminus. It is generally believed that the well-conserved N-terminal residues in both con-T and con-G are responsible for their NMDA antagonist activity. Thus, we suspect that the mutation of the residue at position 7 in con-G can allosterically affect the N-terminal region through the interruption of the Gla-Ca 2ϩ network, which may provide more flexibility for the conserved Nterminal residues. This in turn facilitates the interaction of the conantokin analogue with the targeting site in the NMDA receptor. Structural studies of the mutants at position 7 of both con-G and con-T are required to completely understand the role of residue 7 in conantokins and such studies are now in progress.
